We demonstrate that GaN formed in a Nanowall Network (NwN) morphology can overcome fundamental limitations in optoelectronic devices, and enable high light extraction and effective Mg incorporation for efficient p-GaN. We report the growth of Mg doped GaN Nanowall network (NwN) by plasma assisted molecular beam epitaxy (PA-MBE) that is characterized by Photoluminescence (PL) spectroscopy, Raman spectroscopy, high-resolution X-ray diffraction (HR-XRD), X-ray photoelectron spectroscopy (XPS) and Secondary ion mass spectroscopy (SIMS). We record a photoluminescence enhancement (≈3.2 times) in lightly doped GaN as compared to that of undoped NwN. Two distinct (and broad) blue luminescence peaks appears at 2.95 and 2.7 eV for the heavily doped GaN Several methods has been proposed [14] [15] [16] to enhanced light extraction efficiency from these materials, among which the use of nano-porous 17,18 structure has shown great promise.
Generally, the synthesis of porous structures are achieved by chemical or ion bombardment etching, which unfortunately are prone to introduce defects and impurity states in the materials and thus leading to degradation of crystal integrity, which consequently lowers device performance. Thus, fabrication of the porous structure by the bottom-up approach, by controlling the kinetics of growth enables avoidance of such pitfalls. Previously, we have shown that by controlling growth parameters such as substrate temperature and III-V ratio, the GaN NwN can be formed directly on c-plane sapphire 19, 20 . We have reported that the NwN exhibits superior structural and optical properties as compared to that of flat GaN thin films. Our experimental and simulation based on finite difference time domain (FDTD), findings showed that the observed high PL intensity from GaN NwN is not only due to dislocation filtering but also due to the geometry of its unique surface morphology, which facilitates escape of the generated photons to the ambient by reducing total internal reflection 21 .
It is well known that n-type GaN can be obtained much easily as compared to p-type.
Magnesium (Mg) is the most successfully used dopant to make p-type GaN, where it substitutes Ga atom in the GaN lattice resulting in an acceptor state in its electronic structure.
However, the higher ionization energy (≈200 meV) Table 1 . Surface structural evolution was monitored in-situ by reflection high energy electron diffraction (RHEED) and the morphology was determined ex-situ by a field emission scanning electron microscope (FESEM). Structural quality of the films is determined by a high-resolution X-ray diffractometer (HR-XRD, Discover D8 Bruker) with a Cu K α X-ray source of wavelength of 1.5406Å. Optical properties of the films were studied by photoluminescence spectroscopy (PL, Horiba Jobin Yvon) using a Xenon lamp source with 325 nm excitation, Raman spectroscopy with Ar laser of wavelength 514 nm is performed in the back eV) source, with a relative composition detection better than 0.1%. Before performing XPS measurements, GaN NwN films were sputter cleaned by optimized low energy (0.5keV, 2µA) Ar + ions, to remove physisorbed adventitious carbon and oxygen resulting from atmospheric exposure, without affecting the crystalline quality and composition of the film. The depth dependence of Mg distribution has been studied by secondary ion mass spectroscopy (SIMS)
using O +2 ion beam of 3 keV.
III. RESULTS AND DISCUSSION
In our previous study we have shown that the unique topography of GaN NwN structure results in superior optical properties 21 . In the present study we control Mg incorporation in PL and Raman spectroscopy techniques have been intensively employed in the past to study the effect of Mg doping on the optical properties of GaN [33] [34] [35] [36] . In the literature, commonly observed luminescence peaks of Mg doped GaN appears at ≈ 3.27 eV i.e. Ultra-violet luminescence (UVL) and a broad ≈ 2.7-2.9 eV blue luminescence (BL) 33 . Fig.1 shows PL spectra of samples with different Mg doping concentrations (see Table I A. An increase in PL intensity at lower Mg incorporation has been previously attributed to screening of polarization induced field by Mg 37 which enable efficient overlapping of e-h wavefunction, resulting the higher recombination of them. However, the samples D and E grown at higher Mg flux have their NBE intensity significantly quenched while the intensity of broad BL peaks increases. We note that in sample C, unlike in un-doped A and sample B, a shoulder peak is observed at ≈ 3.2 eV. The peak is identified as donor-acceptor pair (DAP) luminescence originating either from the transition from shallow donor to a shallow acceptor level or due to Mg-H complex, while other peaks in the range of 3.1-3.2 eV are due to conduction band to shallow acceptor level transitions 38 . In the present case, since the films were grown using MBE, the formation of Mg-H complex is less probable; therefore, we attribute this shoulder peak to DAP transition.
In cases of higher Mg flux (D and E); we observe reduced intensity in NBE emission from the Mg doped GaN NwN. In the case of sample D, the peak at 2.95 eV is dominant and a reduced NBE appears at 3.4 eV. For sample E, the NBE emission has further diminished and a broad peak at 2.7 eV becomes dominant. The PL spectra (see Fig.1(b) ) of annealed samples showed a large increase in the intensity of 2.95 eV peak (for sample D) whereas the intensity of 2.7 eV peak (for sample E) did not change significantly, which indicates that origin of both luminescence peaks is different. To study the impact of dopants on the local strain in the grown films, the local vibrational modes (LVM) are monitored by Raman spectroscopy and are shown in Fig.2 . The LVM of Mg doped GaN 34,36 appears at ≈ 657 cm −1 . As Mg replaces Ga, a compressive strain is introduced which shift the E 2 (high) mode towards higher energies. The E 2 (high) mode being a non-polar 6 400 500 600 700 800 400 500 600 700 800
Raman shift (cm mode is suitable for the study of in-plane strain 36 . To observe morphology induced changes, we have also plotted the Raman spectra from a flat 3µm thick GaN epilayer on c-sapphire.
Along with the allowed modes the two geometrically forbidden modes such as E 1 (TO) and A 1 (TO) are observed in all the GaN NwN samples, due to the scattering off the sidewalls of the porous structure 20, 48 . We clearly observe (see Fig.2 ) the presence of LVM at 657 cm −1 , which is the Mg-N stretching bond. The LVM peak is absent for both GaN epilayer and Strain is introduced in the system by not only Mg replacing Ga in the lattice, but also due to the formation of point and extended defects and impurity complexes, which can also modify the lattice parameter 34, 49 . To study the impact of Mg incorporation on the crystal structure of the NwN, HR-XRD study has been carried out. We record both 2θ − Ω and ω-scans, which provide information about stress and crystal quality of the samples, respectively. We compare the acquired results with those of an undoped GaN NwN. We have reported earlier and the shifts of E 2 (high) mode suggest the presence of charged defect or defect complexes formed due to Mg doping. However, for sample E, the E 2 (high) mode shifts towards lower frequency, but the c lattice parameter increases which suggests that interstitial type of defects are incorporated. The FWHM of the rocking curves of (0002) reflex for the samples shown in Fig.3 (D) displays an "U" type behaviour, with increasing Mg:Ga flux. The broadening of XRD in NwN is mainly due to the mosaicity that arises due to the misalignment of the nanowalls as seen earlier 21, 50 . We observed a reduced FWHM value for sample C, but it increases for high Mg: Ga flux (sample D and E), due to the formation of defects.
We performed XPS measurement of samples A and E to study the electronic structure variation and to quantify Mg in sample E. Fig.4 (A) and (B) represents Ga-3d and N-1s core level spectra of sample A, whereas (C), (D), (E) and (F) represent Ga-3d, N-1s, Mg-2p, Mg-1s core level spectra of sample E, respectively. As can be clearly seen from the figure the width of Ga-3d and N-1s core levels of doped sample is relatively higher than that of un-doped
NwN. The peak position of Ga-3d and N-1s core levels of E are shifted by 0.3 eV and 0. Sample "E"
Ga-3d
Normalized Intensity the quantity of Mg incorporation in sample E by the relation
where C M g , I M g , ASF M g represents is the fraction of Mg, intensity of Mg-1s peak and its atomic sensitivity factor, while I i and ASF i are intensity and atomic sensitivity factors of the other constituent elements. We used atomic sensitivity factors for Ga-2p 3/2 , N-1s and Mg-1s as 3.720, 0.477 and 3.500, respectively. The estimated value of Mg in the sample is 3.3% which corresponds to a Mg concentration of ≈ 9 × 10 20 cm −3 , which is quite consistent with our predictions from PL measurements .
Further, to understand the Mg distribution profile and estimate the Mg concentration in the grown films, we carried out SIMS measurements on all samples as shown in Fig.5 . We estimate the Mg concentrations of remaining samples by using the relation,
where I A and C A represent secondary ion intensity and its concentration. I P , Y and P ± represent primary ion current, sputtered yield and ionization probability of the secondary ion.
Within the very narrow regime, the impurity concentration is linearly proportional to the secondary ion intensity. The Mg concentration of all films are shown in It has been proposed theoretically that, Mg incorporation is easier in Ga-polar surface than in N-polar surface 52 and also such doping can change the polarity of the film from Ga-polar to N-polar 52, 53 . Convergence Beam Electron Diffraction (CBED) measurements (not shown here) on the un-doped GaN NwN have shown that these films are Ga-polar in nature. Thus, at the initial stage of that growth Mg incorporation is higher, while with growth time the change in polarity of the crystal may be the cause for the lower incorporation of Mg. We observe that the Mg concentration in the films towards the interface is 1.6 and 1.9 times higher as compared to that at the surface for the samples D and E, respectively. 
IV. CONCLUSIONS
In conclusion, we have studied the structural, optical and dopant distribution in Mg-doped GaN NwNs. We find 3.2 times enhancement in NBE for sample with low Mg flux (Mg:Ga < 0.04), while higher Mg flux (Mg:Ga > 0.06) quenches NBE and increases blue luminescence.
Thermal annealing in presence of N 2 increases intensity of BL (2.95 eV) and does not change the 2.7 eV peak. We observe, with increasing Mg:Ga flux, the E 2 (high) mode shift towards the lower frequency indicating a change in local strain from compressive to tensile. XPS along with SIMS reveals that more than 10 20 cm −3 Mg atoms can be incorporated in the sample due to its unique morphology with very high surface to volume ratio. Higher light extraction capability along-with higher incorporation of Mg, in the NwN morphology suggests that these GaN films can be used to fabricate p-type GaN for GaN/InGaN based quantum well structures for LEDs and LDs, with enhanced efficiency.
